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Bacillus subtilisThe Bacillus subtilis glutamine synthetase (GS) plays a dual role in cell metabolism by functioning as
catalyst and regulator. GS catalyses the ATP-dependent synthesis of glutamine from glutamate and
ammonium. Under nitrogen-rich conditions, GS becomes feedback-inhibited by high intracellular
glutamine levels and then binds transcription factors GlnR and TnrA, which control the genes of
nitrogen assimilation. While GS-bound TnrA is no longer able to interact with DNA, GlnR–DNA bind-
ing is shown to be stimulated by GS complex formation. In this paper we show a new physiological
feature of the interaction between glutamine synthetase and TnrA. The transcription factor TnrA
inhibits the biosynthetic activity of glutamine synthetase in vivo and in vitro, while the GlnR protein
does not affect the activity of the enzyme.
Structured summary of protein interactions:
GS physically interacts with TnrA by anti bait coimmunoprecipitation (View interaction)
TnrA binds to GS by pull down (View interaction)
TnrA binds to GS by surface plasmon resonance (View interaction)
GlnK physically interacts with TnrA by anti bait coimmunoprecipitation (View interaction)
GlnK binds to GS by pull down (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Glutamine synthetase (GS) is a metalloenzyme catalyzing the
ATP-dependent synthesis of glutamine from glutamate and ammo-
nium [1,2]. This is a universal reaction for many bacteria and is the
predominant mechanism by which inorganic nitrogen is incorpo-
rated into cellular metabolites. Since Bacillus subtilis does not con-
tain an anabolic glutamate dehydrogenase [3], this is also the only
pathway for ammonium assimilation in B. subtilis. Glutamine is a
key compound in nitrogen metabolism and the synthesis as well
as activity of GS is strongly regulated by a variety of mechanisms
in response to nitrogen availability. The activity of GS is high in
cells growing under nitrogen-limiting conditions and is low when
cells are growing rapidly with nitrogen excess [4].
GS from B. subtilis is not regulated by any known post-transla-
tional protein modiﬁcation [5], but is directly feedback-inhibited
by glutamine and several end-products of glutamine metabolism[6]. In addition to glutamine, AMP is the second most effective
feedback inhibitor of GS. Glutamine binds to the glutamate sub-
strate site whereas AMP binds at the ATP site [6]. The glutamine
biosynthetic activity of B. subtilis GS can be assayed in vitro and re-
quires Mg2+ or Mn2+ [7]. Mg2+-dependent biosynthetic reaction is
the main physiologically relevant enzymatic activity [1,2] and
can be completely inhibited by glutamine or AMP. The Mn2+-
dependent biosynthetic activity is only partially inhibited by ala-
nine, serine or glycine.
B. subtilisGS is a trigger enzyme and has a dual function: as a bio-
synthetic enzyme for ammonium assimilation and glutamine syn-
thesis and as a regulatory enzyme controlling the activity of
transcription factors by direct protein–protein interactions [8,9].
Two transcription factors, termed GlnR and TnrA, control the
expression of nitrogen-regulated genes in B. subtilis [10,11]. Both
of these proteins are members of the MerR family of transcription
regulators, contain a helix-turn-helix DNA-binding domain at the
N-terminus and bind to the same DNA-consensus sequence
[11,12]. Although the sequences of the amino-terminal DNA-bind-
ing domains of TnrA andGlnR are highly similar, these proteins have
little sequence similarity in their C-terminal signal transduction
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[13,14]. GlnR represses some target genes during growthwith nitro-
gen excess, whereas TnrA is active during nitrogen-limited growth.
Under conditions of nitrogen excess, the feedback-inhibited form of
GS stabilizes the GlnR–DNA complex, which represses transcription
of the glnRA and ureABC operons as well as the tnrA gene [15,9]. In
the absence of the preferred nitrogen source such as ammonium
or glutamine, TnrA controls the transcription of about 30 genes
[11,16]. Most of the genes positively regulated by TnrA code for en-
zymes involved in ammonia uptake, nitrite and nitrate assimilation,
while among the negatively regulated genes are the glutamate syn-
thase and glutamine synthetase operons [11,16].
Feedback-inhibited GS and TnrA form a stable complex that
prevents TnrA from binding to DNA [15,17–19]. Although the C-
terminal domains of TnrA and GlnR are very different, they are
both involved in binding to GS in its feedback-inhibited state
[19–21]. The C-terminally truncated TnrA variants are capable of
binding to DNA but incapable to interact with GS; deletion of 6
C-terminal amino acids abrogates GS binding [20,22,23]. The inter-
action of both transcription factors TnrA and GlnR with GS involves
a common region of GS located near the glutamate substrate bind-
ing site [2,15,24,25].
When B. subtilis wild-type cells are transferred from nitrogen-
poor to nitrogen-excess conditions (such as glutamine as nitrogen
source), feedback-inhibition of GS leads to inactivation of TnrA
[17,25]. However, when wild-type cells are grown with the poor
nitrogen source nitrate, TnrA is almost completely associated with
the cell membrane via the PII protein (GlnK) and the ammonium
transporter AmtB [26,27]. Under the same conditions in AmtB-deﬁ-
cient cells, TnrA was bound to cytoplasmic GlnK and in GlnK-deﬁ-
cient cells, TnrA was bound to apparently non-feedback inhibited
GS, which was conﬁrmed in vitro [23]. These studies also showed
that TnrA abundance is regulated by proteolysis and that TnrA
bound to either GlnK or GS is protected from proteolysis [23,28].
Nevertheless, these data could not fully explain the physiological
signiﬁcance of the interaction of TnrA with GlnK. Previous muta-
tional analysis suggested that TnrA binds to GS close to the gluta-
mate binding site [24]. This raised the question, if binding of TnrA
to GS could affect its biosynthetic activity and whether binding of
TnrA to GlnK could inﬂuence the interaction between TnrA and
GS. The present study was performed to clarify this possibility
and thereby reveal the physiological signiﬁcance of the interaction
of TnrA with GlnK. Here we describe that TnrA is an inhibitor of GS
biosynthetic activity and propose that TnrA binding to GlnK under
nitrogen-limited growth prevents TnrA from inhibiting GS.
2. Materials and methods
2.1. Bacterialstrains, cell growth, and media
The B. subtilis strains used in this study were described previ-
ously [26]: B. subtilis 168 (wild type), the AmtB-deﬁcient strain B.
subtilis GP 254 and GlnK-deﬁcient B. subtilis GP 253. Escherichia coli
strain BL21 (DE3) was used for protein expression. B. subtilis cells
were grown in Spizizen minimal medium (SMM) [29] containing
glucose (0.5%) as carbon source and sodium nitrate (20 mM) as
nitrogen source [27]. Tryptophan was added to a ﬁnal concentra-
tion of 50 mg l1. E. coli recombinant strains were grown in Lur-
ia–Bertani (LB) medium, containing ampicillin (100 lg ml1).
2.2. Protein puriﬁcation and analysis
Overexpression and puriﬁcation of TnrA, GlnR and GS were per-
formed as described previously [23,27]. TnrA and GlnR carrying
His6-tag on their N-terminus, were overproduced using pET15bexpression vector (Novagene, San Diego, CA, USA) and puriﬁed on
Ni–NTA columns to an apparent electrophoretic homogeneity.
Strep-tagged GS and GlnK were overproduced using pGP174 and
pDG148–GlnK expression vectors respectively and puriﬁed using
Strep-tactin column (IBA). The puriﬁed proteins were greater than
98% homogenous as judged by Coomassie blue staining of SDS pro-
tein gels.
2.3. Enzymatic activity of the GS
Enzyme characterization was carried out by the biosynthetic as-
say as described previously [30]. The assay mixture for the biosyn-
thetic reaction consisted of 100 mM imidazole–HCl (pH 7.0),
125 mM hydroxylamine–HCl, 20 mM MgCl26H2O, 10 mM ATP
and 8 lg of GS. The reaction mixture for measuring GS speciﬁc
activity in situ contained additionally 0.005% CTAB and 0.1 mg/ml
lysozyme, and was preincubated at 37 C for 10 min to permeabi-
lize the cells. The reaction was initiated by adding 50 ll of
500 mM glutamate, giving a ﬁnal assay volume of 500 ll. The reac-
tion was stopped after a 20 min incubation by the additon of 1 ml
of stop mix (5.5% FeCl3  6H2O [w/v], 2% trichloroacetic acid [w/v]
and 0.78% HCl) and centrifugation for 5 min at 10000g to
remove the cells. The Fe (III)-complex of the reaction product c-
glutamylhydroxamate was measured spectrophotometrically by
absorbance at 540 nm. GS speciﬁc activity is calculated as nmol
of c-glutamylhydroxamate producedmin1 milligram of protein1.
A reaction mixture without glutamate served as the blank.
To determine the IC50 constants of feedback-inhibitors AMP or
glutamine for GS biosynthetic activity in presence or absence of
TnrA (770 nM dimeric TnrA) puriﬁed GS (26,7 nM dodecameric
GS) was assayed with 10 mM ATP and 50 mM glutamate and with
varying concentrations of competitive feedback inhibitors AMP (1–
2500 lM) or glutamine (1–5000 lM). Raw data were ﬁtted using
GraphPad Prism software to the equation, y = 100/(1+(x/IC50)h),
where y is the percent enzymatic activity, x is the inhibitor concen-
tration, and h is the Hill slope factor.
2.4. SPR (surface plasmon resonance) detection
SPR experiments were performed using a BIAcore X biosensor
system (BIAcore) as described previously [23] with some modiﬁca-
tions. Puriﬁed His6-TnrA protein was immobilized on the Ni2+-
loaded NTA (nitriloacetate) sensor chip to FC2 (ﬂow cell 2). The
truncated TnrA variant His6-TnrA35, which neither binds GS nor
GlnK [23], was injected onto FC1 and served as a control for unspe-
ciﬁc interactions. Binding assays were performed in reaction buffer
HBS (10 mM HEPES, 200 mM NaCl, 0.005% Nonidet P-40, pH 7.5) at
25 C. Samples were injected into FC1 and FC2 of the sensor chip at
ﬂow rate 15 ll/min and the response difference (FC2–FC1) was re-
corded. The data were ﬁtted using the BiaEvaluation and GraphPad
Prism software.3. Results and discussion
3.1. TnrA but not GlnR inhibits GS activity in vitro
To test the hypothesis that TnrA participates in the control of GS
enzyme activity, in vitro assays with puriﬁed proteins were per-
formed. Firstly, Mg2+-dependent biosynthetic GS activity was
tested in the presence or absence of TnrA. As a control, a 6 amino
acid C-terminal truncated variant of TnrAwas used, which is unable
to bind GS because the C-terminus of TnrA is absolutely required for
GS binding [23]. For these studies, Strep-tagged GS (GS–ST), full-
length and truncated on the 6 C-terminal amino acids TnrA6-His6
were puriﬁed as described previously [23,27]. Measurements of
Fig. 1. Dependence of the GS biosynthetic activity on protein concentration of full-
length TnrA (s) and truncated TnrA6 (h) proteins.
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metric detection of c-glutamylhydroxamate formation or coupling
the formation of ADP to the oxidation of NADH, which can be re-
corded spectroscopically [30,31]. The inhibitory effect of TnrA on
GS was tested at different TnrA concentrations (0, 192, 385 and
770 nM) while the GS concentration was ﬁxed to 26.7 nM. Consid-
ering that GS is a dodecameric molecule, approximately 12 dimer
molecules of TnrA per GS dodecamer resulted in a 40% inhibition
of GS activity. At a ratio of 24 dimeric molecules of TnrA to one
dodecameric molecule of GS, inhibition was approximately 50%
(Fig. 1, Table S1 in Supplementary material). Using the C-terminally
truncated TnrA6-His6 protein, no inhibition of GS activity was ob-
served with neither of the two enzyme assays.
Since feedback-inhibited GS binds TnrA more effectively than
non-feedback inhibited GS and moreover, binding of TnrA to GS
further lowers the activity of GS, the presence of TnrA might lower
the concentration of feedback inhibitors required to inhibit GS
activity. To test this assumption, the IC50 of feedback-inhibitors
glutamine and AMP for inhibiting GS biosynthetic activity were
determined in the presence and absence of TnrA. Assays were per-
formed with inhibitor concentrations ranging from 0 to 2.5 mM
AMP or 0 to 5 mM glutamine, while the GS and TnrAFig. 2. Effect of AMP and glutamine on the ability of TnrA to inhibit the GS activity. The M
of TnrA variants on feedback-inhibition of GS by AMP. In the absence of TnrA IC50 = 470.3
TnrA6 variant IC50 = 426.4 lM. (B) Effect of TnrA variants on feedback-inhibition of GS by
IC50 = 320.1 lM, in the presence of truncated TnrA6 variant IC50 = 1329 lM.concentrations were constant at a ratio of one GS dodecamer for
24 molecules of TnrA dimers. The truncated TnrA6 variant that
does not bind to GS was used as a control at the same concentra-
tion. The apparent IC50 for AMP in the presence of full-length TnrA
was approximately twofold lower than in the absence of TnrA or in
the presence of TnrA6 (Fig. 2A). Compared to AMP, the effect of
TnrA was even more pronounced in combination with glutamine:
the IC50 for glutamine in presence of TnrA was ﬁvefold lower than
in its absence (0.32 mM compared to 1.7 mM) (Fig. 2B). This result
agrees with glutamine being more effective in promoting the inter-
action between GS and TnrA than AMP [24]. Together, the results
conﬁrm that TnrA could play a role in controlling GS by direct
activity control.
Under nitrogen excess conditions, GS not only interacts with
TnrA but also with GlnR, the transcription factor whose physiolog-
ical role is still not fully understood [21]. In contrast to TnrA, the
DNA-binding activity of GlnR is activated by protein–protein inter-
action with feedback-inhibited GS that stabilizes GlnR–DNA com-
plexes [15]. The C-terminal domain of GlnR is also required for
this interaction, but in comparison with a stable complex of feed-
back-inhibited GS with TnrA, feedback-inhibited GS strongly asso-
ciates with GlnR only in presence of DNA containing a GlnR binding
site [21]. The full-length GlnR protein is predominately monomeric
but the GlnR mutant protein, which lacks 40 C-terminal amino
acids (GlnR40) was a dimer and almost could not interact with
feedback-inhibited GS [21]. To examine, whether GlnR could also
inhibit GS activity, recombinant His-tagged full-length GlnR and
GlnR40 were overexpressed and puriﬁed as described in Supple-
mentary materials. The effect of GlnR on the Mg2+-dependent bio-
synthetic activity of GS was tested at the same molar
concentrations of GlnR as for TnrA proteins (0, 192, 385 and
770 nM) and ﬁxed concentration of GS (26.7 nM) that correspond
to 1 dodecameric molecule of GS to 6, 12 and 24 molecules of GlnR.
The enzymatic assays were performed in the presence of 51 bp
DNA duplexes corresponding to the glnRA promoter, because the
highest levels of GlnR–GS complexes were detected in the presence
of glnRA DNA fragments [21]. There was no inhibition by full-
length GlnR on GS activity even in the presence of 24 molecules
of GlnR to one molecule of GS dodecamer (Fig. 3). Interaction of
full-length TnrA and GlnR proteins with GS under the conditions
of the enzyme assay, as well as the inability of truncated TnrA6
and GlnR40 proteins to interact with GS were conﬁrmed by pull
down analysis (see Fig. S1 in Supplementary material).g2+-dependent biosynthetic reaction was used to measure the inhibition. (A) Effect
lM, in the presence of full-length TnrA IC50 = 224.5 lM, in the presence of truncated
glutamine. In the absence of TnrA IC50 = 1651 lM, in the presence of full-length TnrA
Fig. 3. Dependence of the GS biosynthetic activity on protein concentration of full-
length GlnR (d) and truncated GlnrR40 (j) proteins.
Fig. 4. Glutamine inhibition of the Mg2+-dependent GS biosynthetic activity in
B.subtilis wild-type (168) (s), amtB (h) and glnK (D) mutant strains. Cultures were
grown at 37 C in SMM containing 20 mM nitrate as the sole nitrogen source. At the
late exponential growth phase, glutamine was added until the ﬁnal concentration
20 mM and incubation was continued. After 60 min the cells were washed and
shifted again into the medium with nitrate. Samples were taken before the
glutamine addition, after 30 and 60 min of cultivating with glutamine and after 30,
60, 90, 120 min of incubation after the second shift into the medium supplemented
with 20 mM nitrate.
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To reveal, whether the interaction network between GlnK/
AmtB, TnrA and GS is of any physiological relevance, Mg2+-
dependent biosynthetic GS activity was examined in permeabili-
zed cells during nitrogen-limited growth (growth with nitrate as
a sole nitrogen source). Under these conditions, GS is highly active
in wild-type cells, where TnrA is bound to membrane (AmtB-
anchored GlnK) [23]. How would the biosynthetic activity of GS
be inﬂuenced in a genetic background lacking either GlnK or AmtB,
where TnrA is either bound to GS or to soluble GlnK, respectively?
Intriguingly GS activity was approximately twofold lower in the
glnK mutant in comparison to the wild type strain (Fig. 4, point
0). This agrees with the in vitro results and indicates that the con-
stitutive binding of TnrA to GS depresses its biosynthetic activity in
the GlnK-deﬁcient strain.
By contrast, in the absence of AmtB, GS activity was higher than
in the wild-type (Fig. 1). In this strain, TnrA is constitutively bound
to cytoplasmic GlnK [23], which could further relieve GS from neg-
ative TnrA interaction. An alternative explanation could be that
AmtB-deﬁciency increases nitrogen deﬁciency within the cell.
When nitrate is reduced to ammonium, uncharged ammonia mol-
ecules could pass freely through the membrane causing nitrogen
leakage [32]. In wild type cells, leaked ammonia can be transported
back again by AmtB, whereas in the absence of AmtB, the loss of
ammonia deprives the cells of combined nitrogen [26,33]. To test
this hypothesis, ammonium excreted into the medium by the cells
of the three strains was tested using the Nessler reagent [34]. As
expected, the AmtB mutant accumulated 38% more free ammo-
nium in the medium than the wild-type. Surprisingly, in the
GlnK-deﬁcient mutant, even 62% more ammonium was detected
in the medium than in the wild-type (53 ± 5.3 lmol per OD600
for wild type, 73 ± 12.5 and 86 ± 18.4 for AmtB and GlnK mutants,
respectively). In the absence of GlnK, the channel formed by AmtB
might remain open, which in turn would lead to leakage of ammo-
nium from the cell. In spite of ammonia leakage, GS activity in the
GlnK-deﬁcient strain was lower than in the wild-type (Fig. 1) rul-
ing out that the different GS activities can be explained by different
nitrogen status. The differences in GS activity in these three strains
could thus be attributed to different expression levels of GS or due
to differences in GS–TnrA interactions which may affect enzyme
activity. Western blot analysis conﬁrmed that GS is present in
equal amounts in all three strains (Fig. S2), suggesting that the ob-
served differences in GS activity are not due to different expression
levels, but are caused by misregulation.To conﬁrm that the above-mentioned differences in GS activity
are due to regulation of enzyme activity, the change in GS activity
following short-term treatments was tested. Glutamine, the most
effective inhibitor of B. subtilis GS enzymatic activity [6] was added
to nitrate-grown cells to a ﬁnal concentration of 20 mM and after
60 min, the cells were transferred back to solely nitrate-supple-
mented medium. Aliquots were removed during this procedure
to test biosynthetic GS-activity in permeabilized cells (Fig. 4). Upon
glutamine addition to nitrate-grown cells, a strong decrease in GS
activity was observed in wild-type and AmtB-deﬁcient strains
(Fig. 4), whereas activity of GS in the GlnK-deﬁcient strain was al-
most not affected by addition of glutamine. When the cells were
shifted back to nitrate growth medium GS activity increased in
wild-type and amtB mutant strains back to the initial higher levels
(Fig. 4), whereas in the glnK mutant strain, only a slow increase in
GS activity was observed.
To examine the correlation between the measured in situ GS
activities and the interactions of TnrA with either GlnK or GS be-
fore and after glutamine addition, immunoprecipitation experi-
ments with GS or GlnK-speciﬁc antibodies were performed as
described in Supplementary materials, and the presence of TnrA
in the immunoprecipitate was evaluated by TnrA-speciﬁc wes-
tern-blotting (Fig. 5). In wild type nitrate grown cells, TnrA was
completely associated with GlnK before glutamine addition, while
after glutamine addition it was only associated with GS, in agree-
ment with earlier data [17,27]. In the AmtB-deﬁcient strain, the
same change of TnrA localization from GlnK to GS was observed.
This indicates that the AmtB protein does not participate in the
control of TnrA interactions. TnrA, which is bound to cytoplasmic
GlnK before glutamine addition, is able to swap to GS after gluta-
mine addition, which correlates with the depression of in situ GS
activity. In the GlnK-deﬁcient strain, TnrA was bound to GS before
and after glutamine addition, which correlates with the constitu-
tive GS activity during the glutamine shift experiments. The fast
re-localization of TnrA from GlnK to GS in wild-type cells can be
Fig. 5. Co-immunoprecipitation of TnrA. Immunoprecipitation experiments were
performed with either GS-speciﬁc (I) or GlnK-speciﬁc (II) antibodies. Cells were
grown under nitrogen-limiting conditions in SMM supplemented with 20 mM
NaNO3 at 37 C with shaking. In the late exponential growth phase glutamine
(20 mM) was added and incubation continued for 30 min. Then cells were
harvested and the crude cell extracts were used for immunoprecipitation as
described in Supplementary. The washed immunoprecipitates were analyzed by
immunoblotting using anti-TnrA antibodies, as indicated on the right.
Fig. 6. SPR analysis of GlnK inﬂuence on GS–TnrA complex formation. The response
difference (DRU) between FC2 (His6-TnrA wt) and FC1 (His6-TnrA35) is shown. GS
was loaded in the absence of GlnK (thick continuous line), in the presence of 100
nM of GlnK (dashed line), 200 nM of GlnK (dotted and dashed line) and 400 nM of
GlnK (dotted line). Binding of 400 nM GlnK and TnrA is shown by thin continuous
line.
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when cells are shifted to nitrogen-excess conditions.
According to these results, a novel function of TnrA binding to
GlnK would be protection of GS in its active (non-feedback inhib-
ited) state from inhibitory interactions with TnrA. To prove com-
petitive binding of GlnK and GS to TnrA in vitro binding was
analyzed by SPR spectroscopy [23]. Full length His6-TnrA was
immobilized on a sensor chip and His6-TnrA35, which is not able
to interact with GS and GlnK was used as a control. Since the SPR
signal is proportional to the mass of the ligand, binding of the large
GS protein (600 kDa) to TnrA results in a much larger increase in
resonance units than binding of GlnK protein (42 kDa). Injecting
a mixture of GS and GlnK to the TnrA-loaded sensor-chip should
reveal the competition of GlnK and GS for TnrA binding due to low-
ering the SPR signal. In different injections, the concentration of GS
was ﬁxed at 200 nM while GlnK concentrations varied from 100 to
400 nM. As shown in Fig. 6 increasing concentrations of GlnK in-
deed decreased the binding mass to TnrA. Already at a GlnK con-
centration of 100 nM, the binding signal was approximately
twofold lower. At a GlnK concentration of 400 nM, the signal was
slightly higher than the signal obtained by injecting 400 nM GlnK
alone. This result shows that GlnK is able to counteract the bindingof GS to TnrA by competitive association with TnrA. When the
same competitive binding assay was performed with glutamine
feedback-inhibited GS, no competition by GlnK could be observed,
in agreement with the increased afﬁnity of feedback-inhibited GS
for TnrA (Fig. S3 in Supplementary material)
4. Conclusions
Taking together, this study has revealed two physiological func-
tions of GlnK in B. subtilis, which remained enigmatic so far. First,
GlnK prevents leakage of ammonia from the cells. Whether this
leakage indeed occurs through the AmtB channel and GlnK binding
to AmtB in wild-type cells closes the channels in order to prevent
leakage awaits further investigation. Second, GlnK prevents the
interaction of active (non-feedback inhibited) GS with TnrA. The
interaction of transcription factor TnrA with GS results in partial
inhibition of GS activity in vivo and in vitro. Furthermore, TnrA en-
hances the effect of feedback inhibitors, in particular, of glutamine.
Addition of glutamine to wild-type and AmtB-deﬁcient cells de-
creased the in situ activity of GS by 60–70% (Fig. 4), which is almost
the same level of inhibition of GS by TnrA determined in vitro.
These data can be explained by re-localizaiton of TnrA from GlnK
to GS upon nitrogen-excess treatment and subsequent GS
inhibition. Since TnrA has also the potential to interact with
non-feedback inhibited GS, the interaction of TnrA with GS under
nitrogen-limited growth would counteract the activity of GS. An
important function of binding of TnrA to GlnK during nitrogen-
limited growth could thus be prevention of unfavourable TnrA–
GS interactions that could impair the activity of GS.
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